The eastern Mediterranean is a hotspot of biological invasions. Numerous species of Indopacific origin have colonized the Mediterranean in recent times, including tropical symbiontbearing foraminifera. Among these is the species Pararotalia calcariformata. Unlike other invasive foraminifera, this species was discovered only two decades ago and is restricted to the eastern Mediterranean coast. Combining ecological, genetic and physiological observations, we attempt to explain the recent invasion of this species in the Mediterranean Sea. Using morphological and genetic data, we confirm the species attribution to P. calcariformata McCulloch 1977 and identify its symbionts as a consortium of diatom species dominated by Minutocellus polymorphus. We document photosynthetic activity of its endosymbionts using Pulse Amplitude Modulated Fluorometry and test the effects of elevated temperatures on growth rates of asexual offspring. The culturing of asexual offspring for 120 days shows a 30-day period of rapid growth followed by a period of slower growth. A subsequent 48-day temperature sensitivity experiment indicates a similar developmental pathway and high growth rate at 28°C, whereas an almost complete inhibition of growth was observed at 20°C and 35°C. This indicates that the offspring of this species may have lower tolerance to cold temperatures than what would be expected for species native to the Mediterranean. We expand this hypothesis by applying a Species Distribution Model (SDM) based on modern occurrences in the Mediterranean using three environmental variables: irradiance, turbidity and yearly minimum temperature. The model reproduces the observed restricted distribution and indicates that the range of the species will drastically expand westwards under future global change scenarios. We conclude that P. calcariformata established a population in the Levant because of the recent warming in the region. In line with observations from other groups of organisms, our results indicate that continued warming of PLOS ONE |
Introduction
Human activities can induce invasions of marine species in two ways: indirectly, by altering the climate and ecosystems [1] , facilitating range expansions [2, 3] , or directly, by mediating species dispersal through anthropogenic means [4] . The latter can be realized either as active transport, such as ship traffic, or as removal of barriers to natural dispersal. The ongoing anthropogenic global change is altering ecosystems at a faster rate than seen in the recent geological past. In consequence, many species are unable to adapt to locally changing conditions through phenotypic plasticity and evolutionary processes and respond by shifting their geographical ranges [5, 6] . This is particularly relevant for marine ecosystems, where species appear to spread an order of magnitude faster than in the terrestrial realm [2] . Temperature is the key variable controlling the spread of species and can be used to predict biogeographic range expansions in shallow marine communities [7] .
An excellent example of directly mediated invasion of marine species is the opening of the Suez Canal. This event facilitated what is known as the Lessepsian invasion, describing the movement of species from the Red Sea into the Mediterranean after the opening of the Canal in 1869 [8, 9] . If the opening of the Suez Canal was the only factor needed to trigger the range extension of Indopacific species into the Mediterranean, thus all Lessepsian migrants should have appeared near simultaneously. However, the eastern Mediterranean has been experiencing a strong warming trend over the last 20 years [10] altering the environmental conditions at the exit of the Lessepsian corridor. The expansion of Indo-pacific species into the Mediterranean is thus likely exacerbated by climate change and many of the migrating marine species including fish, algae, plants and invertebrates are continuing to expand their range [6] . As a result, the Levantine ecosystem is already dominated by non-native fish species leading to a significant decline of the indigenous populations [11] .
A particularly successful group among the Lessepsian migrants are symbiont-bearing benthic foraminifera [12, 13] . The passive dispersal of these organisms appears to be facilitated through the transport of propagules, which include asexually and sexually reproduced offspring [14, 15] . Alternatively, like in many other Lessepsian migrants, the association with marine macroalgae [9, 16] or fish [17] represents another means of passive dispersal of benthic foraminifera into the Mediterranean. Also the introduction of foraminiferal species in new habitats via ballast waters has been documented [18] . The establishment of invasive populations is possible in a new habitat as long as the local temperature regime facilitates the completion of the full reproductive cycle of the invasive species [19] . Symbiont-bearing foraminifera have well defined, species-specific temperature tolerances [20] . Temperatures exceeding the upper thermal threshold cause symbiont bleaching [21] , whilst low temperatures prevent the establishment of populations [20] . The symbiosis in benthic foraminifera provides an energetic advantage [22] , with the photosymbiont having a double role, by providing nutrition [23] and promoting calcification [24] . Symbiont-bearing foraminifera are ideally adapted to the oligotrophic conditions of the eastern Mediterranean [25] . Indeed, the appearance of invasive symbiont-bearing foraminifera in the eastern Mediterranean is documented at least since the 1960s [26] and their ongoing proliferation has significant impact on coastal ecosystems [27] .
The most recently described migration of symbiont-bearing benthic foraminifera into the Levantine basin involves a species of the Indopacific genus Pararotalia. This species has been first reported in the Levant in 1994 [28, 29] . It has since then been found to proliferate along the Mediterranean coast from Israel [30, 31] to southern Turkey [32] . The modern foraminiferal fauna of the Mediterranean Sea is mostly of Atlantic origin [26, 33] . After the opening of the Suez Canal in 1869, many tropical symbiont-bearing foraminifera migrated into the Mediterranean Sea, including amphisteginids, soritids, and heterosteginids [34] . The apparently later invasion and more restricted occurrence of Pararotalia contrasts with other symbiontbearing foraminifera, implying that the invasion of Pararotalia was not facilitated solely by the physical connection of the Suez Canal. We note that the invasive Pararotalia is not a "classical" Lessepsian species, as it has not yet been found in the Red Sea [35] [36] [37] . However, with the exception of the Gulf of Aqaba [38] , the diversity of foraminifera in the Red Sea is not well known and considering the habitat of the species and its distribution in the Indopacific, it is likely that it also occurs in the Red Sea [39] .
To understand the explosive recent invasion of Pararotalia in the Mediterranean, we carried out an investigation of the ecology and physiology of this species. We investigated its genetic relationship with Pacific populations of the genus, identified its endosymbiotic microalgae, determined its photosynthetic activity from freshly collected specimens and monitored their photosynthetic activity in the laboratory cultures. We hypothesized that like in other foraminifera [40] and in many other marine species [7] temperature is the main factor controlling the establishment of new populations. Therefore, we carried out an experiment exposing asexual offspring of P. calcariformata originating from the invasive population in the Mediterranean to three temperatures (20°C, 28°C and 35°C) to determine their survival and growth rates under these conditions. Using a compilation of all occurrence records of the species in the Mediterranean, we model its likely spread under future climate change.
Results and Discussion
The identity of the invasive species and its current distribution Pararotalia calcariformata McCulloch 1977 has been only very recently added to the list of over 700 marine species that appear to have invaded the Mediterranean in historical times [9] . The species has been reported from littoral environments of the Israeli coast as Eponides [29] and as Pararotalia spinigera [28] . The earliest description in the Levant of the genus Pararotalia is by [41] , who reported in 1961 the occurrence of Pararotalia cf. ozawai (Graham & Millitante non Asano) from a locality near Haifa. Unfortunately, the study by [41] provides no illustration and the material of the collection is not available. Therefore, we cannot confirm this record and conclude that the exact time of introduction of the species cannot be constrained beyond occurring prior to 1994. However, we note that the species must be a very recent invader, as specimens attributed to P. calcariformata were never found in historical layers, and are only present in surface sediments [42] . All fossil occurrences of the genus Pararotalia in the Mediterranean are pre-Quaternary (see S1 File) [43] . Other studies confirmed the proliferation of the species P. calcariformata after 1994, identifying large populations ranging from the southernmost Israeli coast [30, 31] to southern Turkey [32] . All localities where this species has been reported up to now in the literature as well as through our investigations in the eastern Mediterranean are given in S1 Table. Considering the large abundance of the species and its distinctive shape, it is unlikely that it has been overlooked in earlier studies or not seen at other localities in the eastern Mediterranean [12, 44] . Collectively, the existing evidence implies that the species has established a population in the Levant only recently and began to proliferate and expand its range within the last two decades [32] . The majority of the invasive species in the eastern Mediterranean represent Lessepsian migrations through the Suez Canal [9] , which migrated through the Canal since its opening in 1869, as it was the first artificial connection between Europe and Asia. More recently migrations were facilitated by several changes of the Canal's width and depth, the most recent in 2010. Pararotalia has not yet been described from potential source locations in the Red Sea such as the Gulf of Aqaba [35] , the Gulf of Suez [37] , the Bay of Safaga [45] or the South Sinai Coast [36] . On the other hand, Pararotalia appears to be an Indopacific genus [20] and specimens assignable to P. calcariformata have been found along the coast of the Arabian Sea and Oman (S1 Table) . Therefore, it is most likely that P. calcariformata also followed the Lessepsian route. Under this scenario, the species could have invaded the Mediterranean across the Suez Canal. The genus Pararotalia has been shown to travel attached to gastropod larvae [46] or inside guts of fish [17] . Alternatively, it could have been introduced with ballast waters and sediment, as has been hypothesized for the red alga Grateloupia yinggehaiensis possibly introduced to the Mediterranean from China by ship traffic [47] . This alga appears to have established a continuous population in the vicinity of a thermoelectric power plant [47] . We note that P. calcariformata has been found to occur prolifically in the heat plume of the thermal power plant in Hadera [31] , which might also has served as a stepping stone for its invasion. The exact origin of P. calcariformata and its dispersal route can only be established by the identification of a potential parent population, such as has been shown for the invasive Sorites by [13] , who found a potential parent population in the Gulf of Aqaba. Therefore, we conducted a taxonomical and genetic investigation to characterize the relationship between the Indopacific and Levantine populations of Pararotalia.
The morphological taxonomy of the invasive Pararotalia population has been confusing, because the first specimens found and identified in the Mediterranean were mistakenly classified as Eponides repandus (Fichtel and Moll, 1798) [29] and only later assigned to Pararotalia spinigera Le Calvez 1949 [48, 49] . The generic classification has been stable since, but the species level taxonomy within this morphologically variable genus is in need of revision. Previous studies [28, 30, 31] designated recent specimens from the Israeli coast as Pararotalia spinigera Le Calvez 1949, following [50, 51] . The study by [32] first suggested that the specimens may rather represent P. calcariformata, an extant species described from the Indian Ocean by [52] . Pararotalia calcariformata McCulloch 1977 is mainly distinguished from P. spinigera Le Calvez 1949 as described by [50, 51] in having a distinct peripheral keel and deep septal interlocular spaces on the umbilical side (Fig 1B2 and 1B3) . A comparison of the morphology of the Levantine species with this description confirms that the assignment of the invasive species to Pararotalia spinigera is incorrect, because a keel and deep septal interlocular space are clearly present among the Levantine specimens. Our analysis also confirms that the specimens we examined have similar appearance as those reported by [32] from Hatay, Turkey. Therefore, we here conclude that morphologically, the invasive species shows most affinity with the concept of P. calcariformata and we use this name henceforth when referring to the extant populations from the Levant.
Having established its likely taxonomic identity and the range of morphologies represented in the Levantine populations (see S1 File), we next assessed the distribution of its potential parent populations. The species P. calcariformata was originally described by [52] from recent shallow habitats in Australia and Ceylon, and later reported throughout the Indopacific (see S1  Table) . In addition, specimens closely resembling P. calcariformata have been identified from among SEM images available through the foraminifera.eu project [53] in faunas from Australian beaches, Malaysia, Oman and Iran (see S1 Table) . These observations indicate that the species is a common element of tropical and subtropical assemblages throughout the Indopacific (Fig 2) .
To confirm the Indopacific origin of the Levantine population using genetic inference, we have obtained SSU rDNA sequences from specimens collected from Israeli coast and specimens of a morphologically similar species of Pararotalia sp. from Australia and compared these with published sequences of Pararotalia nipponica originating from Japan. The relationship among these species was assessed by constructing a phylogeny rooted on agglutinated foraminifera and including representative sequences of all major calcareous clades, as presented in [54] . The resulting phylogenetic tree (Fig 2) has an almost identical topology to that inferred by [54] , although the branch support is lower, most probably due to a shorter sequence length of the analyzed SSU fragment. All the obtained sequences of Pararotalia form a highly supported monophylum. The Levantine population sequences cluster within one clade and appear more closely related to sequences belonging to Pararotalia nipponica. This suggests that the Levantine population is derived from within the Indopacific radiation of the genus. The Australian Pararotalia sp. is similar to P. calcariformata in possessing spines, but these are much more regularly developed, such as in the species P. stellata (de Férussac, 1827). A clarification of the relationship among the three studied forms would require a comprehensive taxonomic revision of the group. 
Characterization of diatom endosymbionts and their photochemistry
The ecology of symbiont-bearing benthic foraminifera is closely tied to the function of their algal symbionts. Although the genus Pararotalia together with the genus Neorotalia is considered to belong to the informal group of larger benthic foraminifera (LBF), which are typically associated with algal symbionts [20] , the presence and identity of the symbionts in Pararotalia has never been formally established. In addition, the Mediterranean Pararotalia is smaller (typically <400 μm) than other symbiont-bearing benthic foraminifera. One study reporting the occurrence of the invasive Pararotalia inside a thermally polluted site along the Israeli coast [31] noted a distinct coloration of its cytoplasm, which is often an indicator for the presence of algal symbionts. Therefore, prior to further physiological experiments, we investigated the presence and nature of symbionts in the studied Levantine population.
In molecular phylogenies, Pararotalia appears to cluster with Calcarinidae and Nummulitidae [55] which are typically associated with diatom symbionts [56] [57] [58] . However, the diatom symbiosis in foraminifera is known to involve different and potentially multiple species [59] , prompting us to use two methods to determine the identity of the symbionts in the investigated Levantine population. First, we isolated the symbionts by crushing the calcite shell, opening the protoplasm and growing the cellular content in axenic media. Endosymbiotic diatoms showing the evolutionary relationships of Pararotalia with other benthic foraminifera belonging to the order Globothalamea. Bootstrap scores (1000 replicates) higher than 50% are shown next to the branches. The tree is rooted on the genus Reophax. The occurrence of the genus in the Indo-Pacific is shown on the map against winter sea surface temperature (data extracted from [113] . White circles on the map represent the occurrences of Pararotalia reported in the literature (see S1 Table) and differently stars denote the locations of the sequenced specimens. extracted and grown in this manner begin to produce frustules, allowing their morphological classification [60] . Symbiont cultures obtained from five specimens of P. calcariformata from the locality Nachsholim revealed, in three cases, the presence of multiple species of diatoms and in two cases only a single diatom species. In four cultures the diatom could be identified as Minutocellus polymorphus (Hargraves & Guillard) Hasle, Stosch & Syvertsen (Fig 3) . In three cultures Navicula sp. was observed, whereas Amphora bigibba and Amphora sp. (with asymmetrical raphe) were only observed in one culture each.
The results of the symbiont culturing show that several species of diatoms can be identified within the same host. This is in line with previous work on related taxa [57] . So far, 20 diatom species or varieties have been isolated as potential symbionts of foraminifera [61] . Of these, Nitzschia frustulum var. symbiotica is the most commonly isolated diatom endosymbiont [62, 63] . Interestingly, we did not find this species in the cultures derived from P. calcariformata. In contrast, the most commonly identified potential symbiont Minutocellus polymorphus has never been observed in a benthic foraminifera host before [62] . This diatom is found free-living in the Mediterranean [64] and given its small size (up to 3 μm) it can plausibly act as a symbiont.
To confirm that this species was numerically abundant during life of the P. calcariformata holobiont, we amplified a SSU rDNA fragment of total DNA extractions from two specimens from the Nachsholim locality. The amplification was carried out using primers that were designed to anneal with a range of eukaryotic lineages but not the foraminifera host (see methods). In both specimens, the PCR (polymerase chain reaction) product yielded a single electrophoresis band, which could be directly sequenced, indicating the presence of a numerically dominant signal. The resulting sequences could be unambiguously identified as Minutocellus by comparison with the SILVA database [65] . Therefore, we conclude that the diatom endosymbiont consortium in the investigated specimens of P. calcariformata was likely dominated by M. polymorphus.
To characterize the photosynthetic functioning of the discovered diatom endosymbiont, we measured the photosynthetic activity of the symbionts inside the host by Pulse Amplitude Modulated Fluorometry (PAM) (Fig 4) . To achieve this we conducted Rapid Light Curves (RLCs) after the protocol of [66] , allowing us to assess the response of PS II (Photosystem II) to elevated light levels. The measurements on freshly collected specimens yielded an RLC ( Fig  4A) , most similar to intermediate-light adapted Amphistegina [67, 68] . We observed PSII photoinhibition (light adapted yields, Y(II) = 0) at 166 μmol photons m -2 s -1
. The RLC of P. calcariformata thus reveals an unusual sensitivity to high irradiance among the foraminifera, which we attribute to the combination of the different nature of the symbiont and the midlatitude setting of the locality. Alternatively, the observed lack of fluorescence at higher irradiance levels could be an artefact due to the behavior of the microalgae in the shell. On the other hand, the ETR max (maximum height of the curve) and the E k (minimum saturating irradiance level) of the curve fall exactly within the range of values determined for other diatom-bearing foraminifera [67, 68] .
The observed sensitivity to in-situ light intensities in P. calcariformata are in line with earlier studies, who reported reduced F v :F m and growth in Calcarina sp. cultured in high and midlight treatments [68] . This can be explained by the fact that foraminifera are motile and live in microhabitats that allow them to shelter their shell from excessive light by hiding underneath stones, below the thalli of the Jania rubens macroalgae or other turf algae growing on bedrock. Because of the apparent light sensitivity of P. calcariformata the irradiance level in cultures and subsequent experiments was kept below 30 μmol photons m -2 s -1 PAR.
Next, PAM fluorometry was used to confirm the activity and persistence of the photosymbiosis among specimens collected during different seasons and in populations kept in culture for up to five months by measuring the dark adapted yield (maximum quantum yield; F v :F m ). Field populations measured within one week of collection exhibit average F v :F m of 0.60 in collections from both 11/2012 and 04/2013 (Fig 4) , indicating a seasonally persistent fully functional photosymbiosis in the studied population. The values are comparable to those determined in previous work on other species of symbiont-bearing foraminifera [21, 67, 68] . After one month of culturing the F v :F m of the population collected in 11/2012 decreased to an average of 0.55. After longer exposure to laboratory conditions, the average F v :F m decreased further between 11/2012-03/2013 to 0.42 (70% of the initial value) and between 04/2013-06/ 2013 to 0.45 (76% of the initial value). In the foraminifera Marginopora vertebralis, F v :F m between 0.15-0.38 were still considered to represent functional photosymbiosis of the dinoflagellates symbionts [69] . Thus, despite the reduced F v :F m , the Pararotalia specimens remained photosynthetically active in culture for several months, indicating that the symbiosis is of persistent nature.
The observed reduction of F v :F m with time might be a sign of a reaction of the symbiont or the holobiont to the culturing conditions. In comparison to fluctuating light intensities and daily light peaks in their natural habitat [68] the cultured specimens were exposed to low and constant light levels. On the other hand, lower F v :F m values could indicate nutrient stress in the cultures. It has been shown that low-light adapted diatoms have higher cellular iron needs to keep photosynthetic iron-based redox proteins functioning [70] . Since the cultures were based on artificial seawater without addition of nutrients, it is possible that the feeding of the foraminifera with microalgae was not sufficient to allow for optimal nutrition. In contrast to this hypothesis, nutrient-limited cultures of the diatom species Thalassiosira pseudonana exhibit a constant F v :F m ratio of 0.65 under balanced growth conditions [71] . Therefore, it remains unclear whether the decreased F v :F m indicates nutrient or light stress in the cultures, or whether it reflects the physiological state of the symbionts.
Reproduction, growth and temperature sensitivity of asexual offspring
The extent of biological invasions and range expansions is limited by the ability of the species to establish a viable population at a new locality. Thus, next to the environmental tolerance of adult specimens, reproductive success of the expanding population is determined by the environmental suitability window of the reproduction event and of the survival and growth of juveniles, which can be a bottleneck for species survival under global change [72] . Foraminifera are known to reproduce through a complex system of sexual (gametogenesis) and asexual (multiple fission) cycles [73, 74] . The length of the life cycle and the timing of reproduction is often poorly constrained. Continuous in situ monitoring over the yearly cycle shows highest abundances of P. calcariformata in the >0.63 μm size fraction in spring following natural temperature rise [31] , indicating that reproduction in this species in nature is likely to occur once a year in late spring.
Because we have observed asexual reproduction in populations in the laboratory cultures, we were able to characterize the ontogeny under controlled laboratory conditions. After collections in 11/2012 and 04/2013, reproduction occurred at least once in each collection after 4-5 weeks of culturing, involving only a small number of the cultured specimens. The number of offspring per mother individual was relatively small: after reproduction in 05/2013, we observed app. 400 living three-chambered offspring and app. 20 dead large parent individuals in the same culture. The offspring contained a minimum of three chambers when released from the parent and contained symbionts. The size and number of asexual offspring, as well as the presence of symbionts inherited from the parent are comparable to observations from laboratory experiments on many other species of symbiont-bearing foraminifera [74] . Thus, the Levantine invasive population of P. calcariformata is able to reproduce under temperature, salinity and light conditions simulating the ambient setting in the Levant in autumn and spring. However, development under culturing conditions can only be an estimate compared to development under in-situ conditions because environmental factors, e.g. tides and lunar cycles were not simulated [75, 76] .
To characterize the growth of the asexual offspring, six juveniles from the first reproductive event were kept in culture under constant conditions for 117 days. Three of the six individuals grew and developed new chambers filled with green-brownish cytoplasm (Fig 5A and 5B) . A twice weekly monitoring showed that the growth of the juveniles has two distinct phases. The first phase of rapid growth was characterized by a chamber number increase from three to 14-15 chambers lasting until~day 30 (Fig 5A) . This rapid growth phase was followed by slower growth phase, were only 2-3 additional chambers were formed until termination of the experiment.
Following new collections in April 2013, we observed another reproductive event from which we sourced asexual offspring to investigate the growth and shell development under three temperatures 20°C, 28°C and 35°C. Asexual offspring were exposed to respective temperatures for 48 days. The 20°C and 28°C cultures were set to simulate the natural range of temperatures in the eastern Mediterranean between spring and autumn [31, 77] , with the 20°C culture representing the conditions at the time of collection. The 35°C treatment was chosen to establish the upper limit of offspring growth.
The results indicated that offspring mean growth was 0.86% day -1 in the 28°C treatment ( Fig 5C) . Only in the 28°C treatment all observed specimens grew and the average growth curve of the population followed the same two-phase growth pattern as in the 2012 culture (Fig 5D) . The offspring kept at 20°C and 35°C survived the experiment, as seen by healthy coloration of the cytoplasm and cytoplasmic movement. However, they exhibited an inhibition of growth, indicating that these levels represent lower and upper limits of growth (Fig 5D) . This is in line with observations of benthic foraminifera where growth commenced only in individuals exposed to suitable environmental conditions [78] . The proportion of individuals which showed positive growth under experimental conditions was 100% under 28°C, and was reduced to 64-65% in the 20°C and 35°C treatment. We statistically tested the effect of temperature on the individuals exhibiting positive growth. Temperature had a significant effect on growth rate on asexual offspring (One-Way ANOVA, F = 24.60, df = 2, 34, p = 0.0001). The Tukey-Kramer post-hoc test revealed significant differences between the 28°C, the 20°C and 35°C treatments, but not between the latter two. Growth rates observed at 28°C in this study are comparable to those of sexually produced offspring of the benthic foraminifera Planoglabratella opercularis (0.4-0.8% growth per day between 15-20°C) inhabiting a similar coastal environment on coralline algae in Japan [79] . The observed inhibition of growth in the 35°C treatment, is consistent with an upper thermal limit for other species of symbiont-bearing foraminifera, where reduced growth, increased mortality and symbiont bleaching are observed at temperatures >31°C [21, 80] . In contrast, the lack of offspring growth at 20°C was unexpected, considering that this was the ambient temperature at the time of collection and the reproduction in the laboratory occurred at that temperature. Our results indicate that although reproduction may occur at 20°C, the offspring needs temperatures >20°C in the subsequent weeks in order to initiate the rapid growth phase. Thus, the observation of reproduction at 20°C may be consistent with the lower temperature limit for offspring growth between 20°C and 24°C, provided the reproduction is aligned with the onset of the spring warming. This is consistent with the observation of maximum abundance in June and July in the >0.63 μm size fraction [31] . If the elevated abundance reflects reproductive events and the natural population follows the same growth pattern as seen in laboratory, then the reproductive season in nature must have occurred at least one month before the observed abundance maximum, i.e. in May or June.
If temperatures higher than 20°C are required for offspring growth in P. calcariformata, then the seasonal time window for reproduction in this species is longer in the Levant than in other areas of the Mediterranean [81] . It is possible that reproductive processes in P. calcariformata are incompatible with a narrower suitability window for reproduction shifted towards the summer in other areas of the Mediterranean. At present, between the Levant (e.g., Haifa) and the Ionian Sea (e.g. San Stefano, Corfu) the 20°C sea surface temperature threshold is shifted by three weeks from early May to early June and the total length of the >20°C thermal window is shorter by two months [82] . This mechanism would provide a possible explanation for the restricted Levantine occurrence of the invasive species, as well as for its apparently recent invasion. The Levantine basin is known to have already experienced significant winter warming in the past decades and is predicted to increase its yearly mean SST by 0.5-2.3°C by the end of the century [25, 81] .
Modelling the present and future distribution of the species
If the limited distribution of P. calcariformata and its recent appearance in the Levant reflect low tolerance to temperatures at 20°C or below, then it should be possible to express all the known occurrences of the species as a function of the local yearly temperature cycle. To explore this hypothesis we combined published occurrence records of the species with own sampling in the Mediterranean (see S1 Table) and used the data to calibrate a species distribution model linked to environmental variables at the observed sites. The variables we considered include solar irradiance and turbidity, which are relevant to the symbiont photosynthesis and yearly minimum temperature, representing potential limiting factors for the holobiont. The values that were used to calibrate the model represent multi-year averages for a time period after the first record of the invasive species (1997-2009 for irradiance and 2002-2009 for temperature and turbidity), as used in previous studies [83] .
The resulting species distribution model (SDM) (Fig 6) indicates the highest habitat suitability in the Levant, along the coast of Israel and Lebanon. Moderately suitable habitat, representing "typical" conditions for a species, continues along the coast of Syria to southernmost Turkey, with its front corresponding exactly with the localities, where the invasive species has been most recently reported by [32] . The model also indicates the existence of suitable habitats along the Egyptian shelf, where the species has not been discovered so far [84, 85] . However, we note that the most suitable habitat in this region is inferred to exist offshore, being reflected already in the three variables driving the model. Anthropogenic contribution of nutrients from agriculture and sewage has replaced the nutrient stimulating effect of the Nile discharge after closure of the Aswan Dam in 1965 [86, 87] , keeping conditions still sub-optimal for nutrientsensitive organisms. Along the Levantine coast, P. calcariformata appears to preferentially inhabit the shallowest subtidal environment, above the depth of 20m, indicating that this species needs well-lit, oligotrophic conditions. We note that similar to other benthic symbiontbearing foraminifera, P. calcariformata might therefore be a good indicator species for the FORAM Index as a proxy for ecosystem health in the Mediterranean, as shown for Amphistegina lobifera in the Aegean Sea [88] . In the studied localities, P. calcariformata lives in association with turf or calcareous algae that inhabit rocky substrate in the sub tidal and intertidal zone on abrasion platforms and beach rocks. As the Nile delta provides habitat lacking these conditions and because of the elevated nutrient load [87] , it is not surprising that it may function as a natural barrier to a south-easterly coastal dispersal of the species.
Other species of Pararotalia have been reported to disperse with surface ocean currents attached to gastropod larvae [46] or fish [17] . Whether or not attached to gastropod larvae, macroalgae or transported as propagules [15, 78] , the dispersal of P. calcariformata would lead to passive northward transport along the Levantine coast following the persistent surface currents in the Levant [89, 90] . These currents move directly along the Israeli shelf and could facilitate the transport of plant material or larvae carrying attached Pararotalia towards the northern Levant, as it has been suggested for other benthic foraminifera [26] . This would mean that the main direction of current transport of the Levantine Pararotalia is further to the north, along the coast of Turkey and into the Aegean Sea. Here, the SDM indicates poor habitat suitability, due to colder temperatures (Fig 6) . Indeed, the species does not appear to have invaded the Aegean Sea yet [88, 91] . A recent detailed investigation of foraminifera diversity in the Saros Bay, a region with abundant suitable habitats for P. calcariformata, has not identified this species among the 115 species recorded [91] .
To investigate whether the species range given by the SDM derived from its present-day distribution is likely to expand further, we have evaluated habitat suitability under a realistic (intermediate scenario A1B) global change projection for the year 2100 [92] . Predicted habitat suitability increases drastically along the coast of Turkey, suggesting a high probability of invasion in this region within the next decades. In addition, the results imply a large potential for an ongoing expansion of the species into the Aegean Sea and the Greek and Libyan coasts of the Ionian Sea.
Conclusions
A taxonomic revision of the most recently discovered invasive species of symbiont-bearing foraminifer of the genus Pararotalia in the eastern Mediterranean identifies the invader as P. calcariformata McCulloch 1977. Based on phylogenetic and taxonomic evidence, the invasive population appears to have originated from within the Pacific radiation of the genus. Pulse amplitude modulated fluorometry measurements indicate that the species is engaged in permanent symbiosis with photosynthesizing microalgae. Combined culturing and genotyping approach allowed us to identify these algae as a consortium of small diatoms, including the newly described symbiont Minutocellus polymorphus.
Pararotalia calcariformata has been observed to asexually reproduce and grow in manipulative experiments, revealing an initial 30-day period of rapid growth followed by a slower growth phase. Reproduction occurred at 20°C, but normal offspring growth was only observed at 24°C and 28°C, indicating that a successful establishment of populations of the species may be limited by the length of the thermally defined reproductive window in their habitat. To test this hypothesis we derived a SDM based on present day occurrence of the species and show that together with turbidity and irradiance, yearly minimum temperature alone is sufficient to reproduce the observed species range with remarkable fidelity. This model indicates that the species is likely to continue expanding northwards and westwards under realistic global change scenarios and is likely to reach the Ionian Sea by 2100.
Collectively, the evidence indicates that the symbiont-bearing foraminifera P. calcariformata is likely a Lessepsian migrant whose invasion into the Mediterranean has been facilitated by the recent warming in the Levant [81] . In this way, the case of P. calcariformata adds to mounting evidence for ongoing and dramatic changes in the structure of eastern Mediterranean ecosystems [6, 11] . Its invasion reflects multiple aspects of human-mediated dispersal of marine species-environmental change due to global warming and removal of physical barriers, such as the opening or widening of the Suez Canal. The observed migration pattern indicates that like many other species which are not limited by dispersal, the invasion rate of P. calcariformata is high, resulting in an ongoing range expansion [32] observable on sub-decadal time scale.
Material and Methods

Sample collection and maintenance of cultures
Living specimens of Pararotalia calcariformata were collected during four field campaigns on 23/10/2012, 01/11/2012, 08/04/2013 and 14/04/2013 at Nachsholim and at Hadera, Israel at depths between 0.5-7 m (see S1 Table) . Samples were collected by sampling macroalgae substrate (most commonly the coralline algae Jania rubens) by snorkeling or SCUBA diving. Living specimens of P. calcariformata and algae material were collected under permission number 2013/39805 issued by the Israel Nature and National Park Authority. Samples were transported in large plastic bottles filled with algae and sediment to the laboratory, where the algae and sediment were rinsed with sea water and specimens were picked from the concentrated sediment and put to a maximum number of 50 specimens in screw capped plastic jars (volume 100 mL). The jars were shipped inside an insolation container to Germany (express shipment time 48 h). The specimens were cultured in plastic containers at in-situ sea water temperatures (23-24°C in December, 20-21°C in April) under a diurnal 12 h/12 h light cycle, salinity 38.5-40 ‰ and irradiance of <30 μmol photons m -2 s -2 . The seawater was prepared from artificial sea salt (Tropic Marin Sea Salt, Germany) every two weeks. Approximately 50% seawater was exchanged weekly and the cultures were fed with Nannochloropsis food mixture every 6-8 weeks. Food mixture contained algae concentrate (12 x 10 9 cells/mL, BlueBioTech GmbH, Germany), which was diluted with artificial seawater (30 μL Nannochloropsis concentrate: 200 mL artificial seawater) and autoclaved. The sample of Pararotalia sp. from Pelican Island, Australia was collected on the 05/05/2014, sent by express shipment to Bremen and cultured under the above conditions and salinity of 35-36 ‰ prior to DNA analysis.
Taxonomic identification and habitat
The morphology of P. calcariformata from the Israeli coast has been documented using SEM (Scanning electron microscopy) and light microscopy with a digital camera (Leica, DFC290HD) (Fig 1) . A detailed taxonomic description of P. calcariformata is provided in S1 File, including SEM images showing adult and juvenile stages (see S1 File, Plate A, B). All samples for taxonomic identification originated from Nachsholim National Park. Occurrence records in the Mediterranean were obtained by literature search and our own sampling. We also carried out a literature search for Pararotalia morphological forms named as or resembling P. calcariformata in the Indopacific (S1 Table, color map Fig 2) .
Symbiont culturing and preparation for SEM microscopy
We have isolated and cultured the symbionts of five specimens of P. calcariformata collected in Nachsholim (see S1 Table) on 23/10/2013. The specimens were taken from cultures collected on 8/11/2013 and the isolates were grown in standard culture media (Guillard's (f/2) Marine Water Enrichment Solution, Sigma Aldrich) [56, 60] . Cultures were terminated after 4 weeks of growth, oxidized by H 2 O 2 , filtered onto Nucleopore Track Etch Polycarbonate filters (Whatman) that were cut to fit the size of the metallic stubs used for examination in the SEM.
PAM Fluorometry
To prove that P. calcariformata establishes a permanent photosymbiosis with algae we characterized its photosynthetic activity by Pulse Amplitude Modulated (PAM) fluorometry. For measurements of dark adapted yield (maximum quantum yield, MQY, F v :F m ) of Photosystem (PS) II, IMAGING-PAM M-Series fluorometer (IPAM, WALZ GmbH, Germany) was used. It was equipped with MAXI-Head, 1/2" CCD camera and zoom objective (F1.0/f = 8-48 mm). Specimens were transferred in Petri dishes containing fresh seawater and dark-adapted 10-15 minutes before measuring F v :F m . We elevated the Petri dishes closer to the zoom objective on a 1.5 cm high stand and used the Leaf Holder IMAG-MIN/BK to allow best possible imaging for all specimens (size 0.3-0.4 μm). Other procedure followed the protocols previously published [21, 80, 93, 94] . Using the IPAM we also measured rapid light curves (RLC) to access photosynthetic activity in the symbionts in P. calcariformata [66] under different light intensities. After each light intensity step, the effective quantum efficiency (Y(II)) of the symbionts is automatically measured by the Imaging Win Software (WALZ, Germany). Dark adaptation was chosen to be for 10 s [66] , and followed by several increasing light intensities for 10 s each. The irradiance steps emitted by the LEDs of the IPAM instrument were calibrated using a hand-held PAR Light Meter (Apogee, USA) and were as follows: 0, 11, 26, 42, 65, 92, 125, 164, 213, 264, 313, 385, 450, 534, 604, 682 , 780 μmol photons m -2 s -1 . For every irradiance level, the relative electron transport rate (rETR = E × Y(II)) was calculated and rETR versus Apogee PAR light intensity (E) were plotted (Fig 4A) . Several photosynthetic parameters were drawn in the curve for illustration such as ETR max (maximum height of the curve), the E k (minimum saturating irradiance level) and the slope of the curve (α), which aid in determinging the photosynthetic activity level. However, as we do not intent to compare the response between different light levels or species, we simply estimated them based on a standard curve (cubic spline with a default lambda of 0.05) fitted by Jmp 11 [95] . Measurements on 17/04/2013for the RLC were conducted on 30 randomly selected specimens three days after sampling, pre-adapted to light levels <30 μmol photons m -2 s -1 levels.
Reproduction and offspring experiments
To test whether the asexual offspring can be cultivated under laboratory conditions we randomly choose six juveniles that were found in the culture in December 2012 and monitored their development for 117 days (12/2012-04/2013) . To this end we used a 6-well plate filled with artificial seawater (~15 ml volume per well), closed with a lid and placed inside an incubator illuminated at 10-15 μmol photons m -2 s -1 (Leec Plant Growth Cabinet, Model PL2, 150
litre, UK), as tested in previous work [21] . Nannochloropsis food mixture (see general culturing) was added to each well on11/12/12, 22/12/13, 11/01/13 and 08/03/13. The juveniles were transferred to a new plate before each feeding to ensure the same conditions in each well. Water was exchanged by 50% twice weekly and the specimens were photographed and measured. Salinity was monitored with a handheld salinity and temperature meter (WTW and Oregon Scientific, USA) before each water exchange. Salinity stayed between 38.9-39.3 ‰ during the culturing period, simulating natural conditions. Temperature of the incubator was adjusted to natural winter conditions in the Levant during the culturing period (for 12/12 from 23-24°C followed by a slightly colder period from 01/13-03/13 (20-22°C) . Following the initial culturing of a small number of asexual offspring, we tested the development of the asexual offspring under different temperatures (20, 28 , and 35°C) in a shorter and replicated design using 54 individuals. These were randomly selected from~400 juveniles from the May 2013 reproduction event and cultured for 48 days (05/2013-07/2013). Three thermostatic cabinets (Pol-Eko-Aparatura, Model ST2+/ST2+, Poland) were used for the setup containing three 6-well plates each with 18 specimens exposed to the same illumination level in the incubator. All plates received the same light conditions (12- ) throughout the experiment. To ensure that growth was not influenced by the location of the plate inside the incubator, the order of the plates was changed randomly when the water was exchanged three times weekly. Light levels were chosen to be higher than in the previous culturing work because rapid light curves (RLC) from 04/2013 indicated better performance of the photochemistry of the symbionts (Fig 4A) under slightly elevated conditions. Nannochloropsis food mixture (see general culturing) was added to each well at the onset of the experiment at 18/05/13 and at 19/06/13. A more frequent feeding was not necessary as enough food was still visible in the plates. Water exchange was performed three times weekly and manual monitoring of salinity and temperature was done in the same way as described before. At the onset of the experiment temperatures in incubators were slowly ramped up to prevent acute temperature stress. The 28°C and 35°C incubator were automatically ramped up to final temperature over a period of 12 h (2°C every 2-3 h). Manual temperature measurements (n = 57) conducted inside the plates showed that actual temperatures in the incubators varied minimally 20.3°C (SD 0.1°C), 27.7°C (SD 0.2°C) and 34.7°C (SD 0.3°C). During the first 72 h of the experiment salinity peaked by +2-4 ‰ above the target levels at 38.5-40‰, which otherwise remained constant inside the wells throughout the experiment (Mean 39.7 ‰, SD 1.1). This short time span of elevated salinity did not cause mortality or bleaching, as the species has been shown to inhabit high saline areas [96] and is generally adapted to very saline water of the Levant [77] . The pH of the artificial ocean water was monitored weekly with a handheld meter (WTW, Germany) and stayed between 8.1-8.2 units.
Growth measurements
Twice weekly during culturing experiments specimens were photographed inside each well (Fig 5B) with an inverse microscrope (Zeiss PrimoVert) and images were taken at the resolution of 5184 x 3456 pixel (Canon SLR camera). Largest diameters were measured starting at the last build chamber diagonally across the shell, using image analyzing software (ImageJ). Growth rates (% diameter increase day-1) were calculated using the formula given in [21] adapted from [97] .
At the end of the temperature sensitivity experiment 46 of initially 54 specimens were retrieved for measurements (1/18 went missing in 20°C, 3/18 in 28°C, 4/18 in 35°). Although, the shell diameter increased in most specimens throughout the experiment (=positive growth, indicated in % in Fig 5A) , we observe apparent negative growth rates in 35% of the specimens in the 20°C treatment (6/17 specimens) and 36% in the 35°C treatment (5/14 specimens). The negative growth reflects measurement uncertainty due to uneven orientation and attached debris, and is interpreted to indicate lack of growth. To exclude the possibility that the observed positive growth rate also represent measurement uncertainty, the total number of chambers was counted for specimens where the shell was best exposed. In both the 20°C and the 35°C treatments, we could identify specimens that added at least one chamber during the experiment. One-way Analysis of Variance (ANOVA) was used to test the effect of temperature on growth rates of asexual offspring. Statistics were performed on all individuals exhibiting positive growth rates (Fig 5A) . Growth data was 3 rd root transformed and residual and normality plots indicated that equal group variance was not violated. ANOVA was performed using Jmp 11 [95] .
DNA extraction, amplification, cloning and sequencing
Three specimens of P. calcariformata collected from Hadera Ridge, Israel (C50) and in Nachsholim, Israel (C228 and C229) on 23/10/2013 and one specimen of Pararotalia sp. collected in Pelican Island, Australia (C538) on 05/2014 were isolated from cultures into 50 μl of GITC Ã on 07/11/2013 and 26/05/2014. Because of the thickness of the shell, the specimens were crushed with a metal rod prior to DNA extraction. A fragment of~1000 bp located at the 3' end of the SSU rDNA of the foraminifer was amplified using the primer couple S14F1 (5'-AAGGGCAC CACAAGAACGC-3')-1528R (5'-TGATCCTTCTGCAGGTTCACCTAC-3') by Polymerase chain reaction (PCR) [98, 99] using the GoTag (Promega, USA) or PHUSION (Thermo Scientific, USA) polymerase. The PCR products were purified using the QIAquick PCR purification kit (Qiagen, Netherlands) and cloned with the Zero Blunt TOPO PCR Cloning Kit (Invitrogen, USA) with TOP10 chemically competent cells following manufacturer's instructions. Three to six clones were sequenced per individual by an external provider (LGC Genomics, Berlin). The obtained sequences were deposited on NCBI under the accession number KP939152 to KP939156 and KP939158 to KP939171.
A fragment of~400 bp of the 3' end of the SSU rDNA of foraminifers' symbionts was obtained from aliquots of the same DNA extractions using the GoTaq polymerase (Promega, USA) with the symbionts specific forward primer SymSF1 (5'-GGTTAATTCCGTTAAC GAACGAGA-3') coupled with the universal reversed primer 1528R (5'-TGATCCTTCTG CAGGTTCACCTAC-3') for the specimen C228 and C229. No multiple bands have been observed after migration of the PCR product on agarose gel. The PCR products were purified using the QIAquick PCR purification kit (Qiagen, Netherlands) and directly sequenced. The sequence chromatograms were carefully checked and no sign of multiple signals was detected. The obtained sequences were deposited on NCBI under the accession number KP939151and KP939157.
Sequence analysis
The obtained 19 sequences of P. calcariformata were analysed together with 24 sequences of benthic foraminifera belonging to the lineage of Globothalamea [54] downloaded from GenBank (see S2 File). The sequences were automatically aligned with MAFFT v.7 [100] with default options. Only the fragment covered by the obtained sequences of Pararotalia was retained for further analyses (see S2 File). The model of evolution (GTR+I+G) was selected using jModeltest v. 2.1.4 [101] under Akaike Information Criterion (AIC). Using this model of evolution, the most likely tree topology was inferred from the alignment using a Maximum Likelihood Approach implemented in PhyML 3.0 software [102] , using NNI+SPR tree improvement and non-parametric bootstrapping (1000 pseudo replicates). The resulting tree was visualized with iTOL v 2.1 (Fig 2) [103] . The two symbiont sequences were compared to the SILVA database [65] on the 21/08/2014 in order to determine their most probable taxonomic assignation. The SINA 1.2.11 alignment tool [104] has been used with default options.
Computation of the habitat model
Occurrence records of P. calcariformata in the Mediterranean were obtained by literature search and combined with new observations during this study (see S1 Table) . For the calibration of the species distribution model (SDM), occurrences were converted to presence records on a grid used by the modeling software. Environmental data for these grid cells were obtained from the BIO-Oracle database, which provides oceanographic variables with a grid-cell resolution of 5 arc minutes [105] . BIO-Oracle also includes gridded data from climate model projections that are based on SRES climate-change scenarios [92] and for our model we used the intermediate scenario A1B for the a projection to year 2100. We based the SDM for P. calcariformata mainly on temperature (annual minimum SST) and added annual mean diffuse attenuation (mean DA) and annual mean photosynthetically available radiation (mean PAR). The latter variables provided the possibility to incorporate the effects of terrestrial and trophic influences, as well as solar radiation on the potential distribution. These variables have been proven useful in previous modeling calibrations from other symbiont-bearing foraminifera [106] . The resulting SDM was refined in a two-step clipping process in order to avoid a biased relation between the variables, an approach that has been successfully used in other models on foraminiferal distributions [107] . First, we used only minimum SST, which was subsequently projected on the future climate scenario. Second, we built a model on mean DA and mean PAR. The final SDM for both current and future conditions (Fig 6) thus comprises a climatemodel based on temperature (including the projection on the A1B scenario), which was overlain and clipped by a habitat-model based on the other variables. The editing of the climate model was performed with the software DIVA-GIS.
We used Maxent 3.3.3k [108] to model the potential distribution of P. calcariformata in the eastern Mediterranean and to project it onto future climate conditions. The program uses a grid-based machine-learning algorithm following the principles of maximum entropy [109] . In the course of the modeling process, Maxent begins with a uniform distribution and successively fits it to the data (occurrence records and environmental variables). For an overview on the operating mode of Maxent and the interpretation of its output see [110] . Note that Maxent does not predict the actual distribution of the taxon, but rather the relative suitability of the habitat, which is interpreted as the potential distribution of the taxon under study. A total of 10,000 random background points were automatically selected by Maxent within the eastern Mediterranean. The logistic output format with suitability values ranging from 0 (unsuitable) to 1 (optimal) was used [111] , where the probability of presence at sites with "typical" conditions is set to 0.5 by default [110] . The modeling process was performed with 50 replicates and the average predictions across all replicates were used for further processing. The continuous probability surfaces of the SDMs were subsequently converted into presence/absence maps using the "Equal training sensitivity and specificity logistic threshold" as recommended by [112] , which has also been used in previous foraminiferal models [106] .
Projecting a model on future climate scenarios may result in an extrapolation or "clamping" of the probability values [108] especially in regions where the environmental predictors are outside the training range, which could lead to an over-or underfitting of the model. In Maxent, a multivariate similarity surface (MESS) analysis is implemented, which shows how similar predictor variables within future climate scenarios are seen during model training [110] . We added the result of the MESS analysis to our future model, highlighting areas of possible extrapolation of the model due to minimum temperature values of the future scenario being outside the training range. 
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